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Disruptions to brain development associated with shortened gestation place individuals at risk 
for the development of behavioral and psychological dysfunction throughout the lifespan. The 
purpose of the present study was to determine if the benefit for brain development conferred 
by increased gestational length exists on a continuum across the gestational age spectrum 
among healthy children with a stable neonatal course. Neurodevelopment was evaluated with 
structural magnetic resonance imaging in 100 healthy right-handed 6- to 10-year-old children 
born between 28 and 41 gestational weeks with a stable neonatal course. Data indicate that 
a longer gestational period confers an advantage for neurodevelopment. Longer duration of 
gestation was associated with region-specific increases in gray matter density. Further, the 
benefit of longer gestation for brain development was present even when only children born full 
term were considered. These findings demonstrate that even modest decreases in the duration 
of gestation can exert profound and lasting effects on neurodevelopment for both term and 
preterm infants and may contribute to long-term risk for health and disease.
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the relation between gestational age at birth and brain development 
is present across the gestational age spectrum and not confined 
solely to very early preterm infants.
Disruptions to brain development associated with shortened 
gestation place individuals at risk for the development of behavioral 
and psychological dysfunction throughout the lifespan (Schothorst 
et al., 2007; Gozzo et al., 2009; Janssens et al., 2009). Individuals 
who are born early have an increased risk for the development of 
various psychopathologies including attention deficit hyperactivity 
disorder and affective disorders (Aarnoudse-Moens et al., 2009; 
Johnson et al., 2010). The purpose of the present study was to deter-
mine if the benefit for brain development conferred by increased 
gestational length exists on a continuum across the gestational age 
spectrum. Specifically, the association was investigated between 
gestational age at birth and brain development among 100, 6- to 
10-year-old children who were born between 28 and 41 gestational 
weeks and had a stable neonatal course.
Materials and Methods
ParticiPants
Participants included 100 right-handed children (49 girls, 51 
boys) between the ages of 6 and 10 years (mean = 8.1 ± 1.1) who 
were born at one of two hospitals in the greater Los Angeles area 
(UC Irvine Medical Center, or Long Beach Memorial Medical 
Center) and were recruited from ongoing protocols of devel-
opment. Children born at term (n = 67) and preterm (n = 33) 
were included to permit evaluation of a range of gestational 
lengths. Children were eligible for participation if they were 
between 6 and 10 years of age, right-handed (determined using 
introduction
The prenatal period is a time of rapid change during which fetal 
organs and organ systems are forming and are susceptible to both 
organizing and disorganizing influences. These influences on the 
fetus have been described as programming; the process by which 
a stimulus or insult during a vulnerable developmental period has 
a long-lasting or permanent effect (Nathanielsz, 1999). Prenatal 
events that regulate length of gestation and risk for preterm birth 
similarly shape the trajectory of fetal development. The rapid pace 
of fetal brain development renders it especially vulnerable to such 
exposures. Disruptions to brain development increase the risk for 
both psychopathology and cognitive delays (Wright et al., 2000; 
Shaw et al., 2007; Kyriakopoulos and Frangou, 2009). Although it is 
widely recognized that medically compromised infants born at very 
early gestational ages experience pervasive insults to the developing 
brain (Nosarti et al., 2000; Peterson et al., 2003; Delobel-Ayoub 
et al., 2009), healthy late preterm and early term infants typically 
are viewed as low risk and rarely considered for developmental 
follow-up. This issue was highlighted in recent investigations 
documenting both increased morbidity and mortality during the 
neonatal period (Tita et al., 2009; Zhang and Kramer, 2009) and 
decreased cognitive abilities in childhood (Yang et al., 2010) among 
full term infants delivered prior to 39 gestational weeks. Further, 
there is evidence that late preterm infants (i.e., those born after 34 
gestational weeks) are more likely to experience gray matter injury 
(Billiards et al., 2006) and more likely to display cognitive and 
behavioral deficits during infancy and childhood compared with 
children born full term (McCarton et al., 1996; De Haan et al., 2000; 
Petrini et al., 2009; van Baar et al., 2009). This evidence  suggests that 
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the Wechsler Adult Intelligence Scale), household income, child 
race/ethnicity, or child birth order at the time of the study visit 
(all ps > 0.21).
Mri acquisition
Structural MRI scans were acquired on a 3-T Philips Achieva system. 
To minimize head motion, padding was placed around the head. Ear 
protection was given to all children. To further increase compliance 
and reduce motion, children were fitted with headphones and allowed 
to watch the movie of their choice while in the scanner. Following the 
scanner calibration and pilot scans, a high resolution T1 anatomical 
scan was acquired in the sagittal plane with 1 mm3 isotropic voxel 
dimensions. An inversion-recovery spoiled gradient recalled acquisi-
tion (IR-SPGR) sequence with the following parameters was applied: 
Repetition rate (TR) = 11 ms, Echo time (TE) = 3.3 ms, Inversion 
time (TI) = 1100 ms, Turbo field echo factor (TFE) = 192, Number 
of slices: 150, no SENSE acceleration, Flip angle = 18°, Shot interval 
(time from inversion pulse to the center of acquisition) = 2200 ms. 
Acquisition time for this protocol was 7 min.
Processing of Mri data
All processing and analysis of MRI data was completed using SPM5 
software1 (SPM5 The Wellcome Department of Imaging Neuroscience, 
University College London). The structural images were bias field cor-
rected, and segmented using an integrated generative model (unified 
segmentation, Ashburner and Friston, 2005) Unified segmentation 
involves alternating between segmentation, bias field correction, 
and normalization to obtain local optimal solutions for each proc-
ess. The pediatric CCHMC a priori templates (Wilke et al., 2002) 
were used to segment and normalize (affine and 16 iteration non-
linear transformations) the children’s images. The resulting images 
were modulated to correct voxel signal intensities for the amount 
of volume displacement during normalization. The normalized and 
segmented images were averaged across the children’s datasets to 
produce gray matter, white matter, and CSF sample specific a priori 
templates. The process was then repeated using the sample specific 
a priori templates resulting in subject specific deformation maps for 
VBM analysis of 1-mm isotropic voxels. The normalized, segmented, 
and modulated images were then smoothed using a 12-mm kernel 
to ensure that the data were normally distributed and to limit the 
number of false positive findings (Salmond et al., 2002). Coordinates 
of the most significant voxel within each cluster were converted from 
original Montreal Neurological Institute (MNI) coordinates to those 
of the Talairach brain atlas (Talairach and Tournoux, 1988) using 
the mni2tal utility (GPL)2. Anatomical locations of the significant 
areas are based on the best estimate from the Talairach atlas using 
the Talairach Daemon Client3.
total gray Matter analysis
Total gray matter volume for each child was estimated based on the 
volumes of the segmented and modulated images. The number of 
non-zero voxels in the image was multiplied by the voxel values to 
obtain an estimate of total gray matter volume. Partial correlation 
a  modified version of the Edinburgh Handedness Inventory 
(Oldfield, 1971), singletons, born at greater than 28 weeks ges-
tational age (determined based on current ACOG guidelines, 
2009). Our low risk sample comprised children with a stable 
neonatal course (Median Apgar score = 9, range 7–10) and 
without known congenital, chromosomal, or genetic anoma-
lies (e.g., trisomy 21), neonatal illness (e.g., respiratory distress, 
mechanical ventilation over 48 hours or sepsis). Participants 
had no evidence of intraventricular hemorrhage (determined by 
ultrasound), periventricular leukomalacia, and/or low-pressure 
ventriculomegaly in the newborn period and normal neurologic 
findings, including normal ventricle size, at assessment. Further, 
at 6–10 years of age, no emotional or physical problems were 
reported in a structured interview using the MacArthur Health 
and Behavior Questionnaire (Armstrong and Goldstein, 2003). 
Parents and children gave informed consent for all aspects of 
the protocol, which was approved by the Institutional Review 
Board for protection of human subjects.
Background inforMation
Table 1 displays birth outcome, demographic, and neurodevel-
opmental characteristics of this sample. Gestational age at birth 
was not significantly related to birth weight percentile. Nor was 
it significantly associated with maternal age, maternal education, 
maternal IQ (determined with the Perceptual Reasoning Scale of 
Table 1 | Birth outcome, demographic, and neurodevelopmental 
characteristics of the study sample.
Gestational age at birth (weeks) 36.8 (3.7) weeks
Preterm 36%
Term 64%
Sex 51% male
Birth weight (g) 3034 (879)
Birth weight percentile 51 (27) 
Child age at assessment (months) 97 (14)
Child race
 Hispanic 42%
 White 35%
 African-American 6%
 Asian 5%
 Multi-ethnic 10%
 Other 2%
Child birth order  36% firstborn
 64% later-born
Total gray matter volume (arbitrary units) 812 (84)
Household income
 Under 30,000 19%
 30,001–60,000 20%
 60,001–100,000 29%
 Over 100,000 32%
Maternal education (years) 14.0 (2.6)
Maternal WAIS PRI score 95.8
Maternal marital status (% married or cohabitating) 90%
When means are presented the standard deviation is in parentheses.
1http://www.fil.ion.ucl.ac.uk/spm/
2http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach
3http://www.talairach.org/client.html
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children born between 28 and 41 gestational weeks. Significant 
clusters of voxels, where longer gestation was associated with 
higher gray matter density, identified in this initial analysis were 
used as regions of interest in subgroup analyses. For the empirically 
identified regions of interest, the association between gestational 
age at birth and gray matter density was determined separately 
among the children born at term 37–41 gestational weeks and 
preterm 28–36 gestational weeks. Significance was set at p < 0.05 
after Bonferonni correction.
results
is gestational age at Birth associated with MorPhological 
changes in regional gray Matter?
As shown in Figure 1, VBM analyses revealed that children born at 
later gestational ages showed regionally specific differences in gray 
matter during childhood predominantly in the temporal lobes after 
controlling for overall brain volume. Regions with associations that 
achieved statistical significance after FDR correction are shown in 
Table 2 and Figure 2. Longer gestation was associated with signifi-
cant, mostly bilateral, increases in gray matter density in several 
temporal regions including the superior (BA 22, 41, and 42) and 
middle temporal gyrus (BA 21) and extending ventrally to the infe-
rior temporal gyrus and the occipitotemporal gyrus/fusiform gyrus 
(BA 37, bilaterally and BA 20, right only) and medially to the insula. 
Associations between greater gestational age at birth and increased 
gray matter density during childhood extend dorsally to the inferior 
and superior parietal lobule (BA 40, bilaterally and BA 7, left only). 
Longer gestation was additionally associated with increases in gray 
matter bilaterally in the cerebellum, but only significant on the left 
analyses were performed to test the association between gestational 
age at birth and total gray matter  volume controlling for age at 
assessment. Gestational age at birth was not correlated with total 
gray matter volume [r(100) = 0.15, p = 0.13].
Voxel-Based MorPhoMetry analysis
Voxel-based morphometry (VBM) is an automated structural 
analysis used to detect regional morphologic differences in brain 
images obtained by MRI. Unlike volumetric tracing methods, 
VBM does not depend on user-defined brain regions, but rather 
presents a comprehensive localization of gray matter density dif-
ferences between groups (Ashburner and Friston, 2000). The 
relation between gestational age at birth, measured continuously, 
and regional gray matter density was determined using a mul-
tiple regression with gestational age at birth as the predictor of 
interest and child age and total gray matter volume as covariates. 
Consequently, the analysis detected regional differences rather than 
overall, large-scale variations in gray matter. Relative threshold 
masking (threshold > 0.3) was used to minimize gray–white mat-
ter boundary effects, and implicit masking was used to disregard 
voxels with 0 values. The statistics for VBM analyses were normal-
ized to Z score. The threshold for the statistical parametric maps was 
p < 0.001. Clusters were considered significant if they contained at 
least 100 voxels and remained significant after false discovery rate 
(FDR) correction for multiple comparisons (p < 0.05) as recom-
mended by Genovese et al. (2002).
These analyses were applied to the entire sample to evalu-
ate associations between gestational age at birth measured con-
tinuously and morphological differences in gray matter among 
FIguRe 1 | Three-dimensional representation of regions of increased gray matter probability associated with longer gestation for right-handed children 
born between 28 and 41 weeks. Column 1 presents data from the complete sample, column 2 includes only children born at term (37–41 weeks gestational age) 
and column 3 includes only children born preterm (28–36 weeks gestational age).
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Table 2 | gestational age at birth and associations with gray matter density among right-handed 6- to 10-year-old children born between 28 and 41 
gestational weeks.
 All subjects (n = 100)
Cluster No. Cerebral region
 Talairach coordinates 
Cluster size  Voxel p (FDR cor)
  X Y Z  
1 Rt Middle temporal gyrus (BA 21) 67 −14 −14 14,084 0.004
 Rt Superior temporal gyrus (BA 22) 55 −12 −4  0.004
 Rt Superior temporal gyrus (BA 42) 54 −31 14  0.034
2 Lt Middle temporal gyrus (BA 21) −66 −6 −13 2,694 0.007
3 Left inferior parietal lobule (BA 40) −40 −54 54 1,374 0.022
4 Left cerebellum −31 −35 −23 439 0.009
5 Left fusiform gyrus (BA 37) −42 −50 −7 697 0.030
6 Right fusiform gyrus (BA 20) 50 −21 −21 858 0.037
7 Left superior temporal gyrus (BA 22) −46 −16 6 2,696 0.007
 Left superior temporal gyrus (BA 22) −60 −2 9  0.010
 Left insula (BA 13) −47 −8 13  0.006
All clusters contain more than 100 voxels and are significant at p < 0.001 uncorrected and p < 0.05 FDR corrected.
side after FDR correction. Associations between gestational age 
at birth and gray matter also were revealed in subcortical regions 
including the caudate, but these are not discussed further because 
they were not significant after FDR correction (p = 0.058).
The scatter plots in Figure 2 illustrate the association between 
gestational age at birth and the cluster value for each of the seven 
regions of interest (calculated using SPM’s volume of interest, VOI 
tool; Brett et al., 2002). As indicated, associations are present across 
the gestational age spectrum and are not simply determined by 
preterm birth status. This suggests that there are regionally specific 
incremental increases in gray matter associated with increases in ges-
tational length. To further evaluate this question, subgroup analyses 
examining the children born at term and preterm separately were 
performed for the identified regions of interest (Figure 2). For term 
infants, longer gestation within the range of 37–41 weeks was associ-
ated with significant bilateral increases in gray matter density in the 
superior (BA 22) and middle temporal gyrus (BA 21). Significant 
associations were additionally observed in the left parietal lobe (BA 7). 
For preterm infants significant associations between longer gestation 
and increased gray matter were observed bilaterally in the superior 
(BA 22, 41) and middle temporal gyrus (BA 21) and extending ven-
trally to the inferior temporal gyrus and the occipitotemporal gyrus/
fusiform gyrus (BA 37, left only and BA 20, right only) and medially 
to the insula. Significant associations were additionally observed in 
the left parietal lobe (BA 40) and the left cerebellum.
discussion
These results indicate that there are regionally specific associations 
between gestational length and brain morphology at 6–10 years of 
age. The consequences of gestational age at birth on brain develop-
ment are observed both across the full gestational range in our sam-
ple and within the constricted gestational age range of infants born 
at term (greater than 37 weeks). Children in this cohort had a stable 
neonatal course, did not experience common perinatal risk factors 
such as mechanical ventilation, intraventricular hemorrhage, or 
periventricular leukomalacia. Our findings indicate that, among 
healthy, low risk populations, shortened gestation, even within the 
boundaries of normal term delivery, has persisting influences on 
neurological development.
Rapid changes in the development and organization of the fetal 
brain occur throughout the entire course of gestation (Bourgeois, 
1997; Volpe, 2008). The associations between gestational age at 
birth and child neurodevelopment reported here are likely due 
to prenatal influences on processes that mature during the third 
trimester. Our findings in this normal healthy sample support the 
argument that prenatal experiences (e.g., exposure to maternal and 
placental hormones) alter the trajectory of fetal brain development 
(Davis and Sandman, 2010). The advantage of longer gestation for 
neurodevelopment is arguably a direct result of prenatal influences 
that benefit the developing fetal nervous system during the third 
trimester and these influences will need to be evaluated in future 
studies. During the last third of human pregnancy the fetal brain 
is forming secondary and tertiary gyri, and exhibiting neuronal 
differentiation, dendritic arborization, axonal elongation, synapse 
formation and collateralization, and myelination (Bourgeois, 1997; 
Volpe, 2008). Synapse formation during this period accelerates to 
a rate of approximately 40,000 synapses per minute (Bourgeois, 
1997). Linear increases in total gray matter volume of 1.4% per 
week are seen from 29 to 41 gestational weeks (Huppi et al., 1998) 
and approximately 50% of the increase in cortical volume occurs 
between 34 and 40 gestational weeks (Adams-Chapman, 2006; 
Kinney, 2006). The benefits of longer gestation are most apparent 
in the temporal cortex, one of the latest brain regions to mature 
(Hill et al., 2010), where synaptogenesis and then gyrification begin 
and progress rapidly throughout the third trimester (van der Knaap 
et al., 1996; Huttenlocher and Dabholkar, 1997). Interestingly, the 
benefits of longer gestation for development of the temporal cortex 
were apparent even for children born at term (37–41 gestational 
weeks). The affected area extends more posterior among term as 
compared to preterm children; perhaps due to differences in the 
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a high risk of neonatal morbidity and mortality (Kesler et al., 2006). 
Further, these data are consistent with the recently described cogni-
tive and behavioral deficits observed among children born during 
the late preterm and early term periods (Kramer, 2009; van Baar 
et al., 2009; Yang et al., 2010).
developmental stage at the time of delivery resulting in alterations 
to the trajectory of neurodevelopment. The neurological conse-
quences of shortened gestation observed in our low risk population 
of healthy children follow a similar pattern described for medically 
compromised children born at extremely early gestational ages with 
FIguRe 2 | Areas of increased gray matter density in association with longer 
gestation are displayed for each of the seven regions of interest for: (i) the 
complete sample (column 1), (ii) children born at term (column 2), and  
(iii) children born preterm (column 3). Arrows indicate clusters that were 
significantly associated with gestational age at birth after correction for multiple 
comparisons. Scatter plots are presented for illustrative purposes only to 
demonstrate the linear nature of the association between gestational age at birth 
(y axis) and the cluster value (x axis) for each of the seven regions of interest. Note 
that children born at term and children born preterm contribute to the significant 
association between gestational age at birth and gray matter density in region 1. 
However, the area of association between gestational age at birth and gray matter 
density among the children born at term extends slightly more posterior to the 
area of significant associations among the children born preterm. For this reason, 
different slices are shown for the term and preterm children for this cluster only.
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The gestational age when the transition from intrauterine to 
extrauterine life occurs in normal healthy births can profoundly 
alter the course of brain development with long-lasting conse-
quences. The significant linear association between gestational 
age at birth and brain development in young children challenges 
the commonly held assumption of a “non-linear” developmental 
course that defines fetal maturity as occurring at 37 gestational 
weeks. Our findings emphasize that there is a benefit for the devel-
oping brain of increased gestational length throughout the course 
of fetal development. In addition to providing new information 
about the importance of longer gestation beyond 37 gestational 
weeks for brain development, this finding has implications for 
medical decisions involving assisted deliveries. The decision about 
when to deliver a fetus, especially after 37 weeks, rarely involves 
concerns about the fetal nervous system. The findings reported here 
suggest that the neurological maturity of the fetus should enter the 
decision algorithm because even modest increases in gestational 
length have significant and long-lasting influences on the structure 
and function of the nervous system.
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Affected temporal regions subserve critical cognitive processes 
including auditory perception and processing, comprehension of 
verbal language (Binder et al., 2000, 2009; Schmithorst et al., 2006; 
Karunanayaka et al., 2007), supramodal integration and concept 
retrieval (Binder et al., 2009). Evidence indicates that larger brain 
volume is associated with higher levels of cognitive function-
ing (Toga and Thompson, 2005; Sandman and Kemp, 2007). It 
is probable that individuals with optimal neurodevelopment in 
these regions will show advantages for cognitive functioning in 
these critical areas. Further, disruptions to neurodevelopment in 
these regions is associated with risk for the development of psy-
chopathology, particularly in combination with exposures to other 
risk factors (Gurvits et al., 2006). Specific regions observed to be 
affected by shortened gestation in the present study have been asso-
ciated with psychological dysfunction including psychosis (Wright 
et al., 2000; Honea et al., 2005) and impaired emotional processing 
(Kober et al., 2008; Craig, 2009). Importantly, there is evidence that 
alterations in morphology can be detected prior to the emergence 
of psychosis (Crossley et al., 2009; Goldstein et al., 2009) and may 
be a risk factor for the development of later psychopathology. The 
current findings suggest that even modest decreases in gestational 
length are associated with disruptions to neurodevelopment and 
that this is likely associated with consequences for wellbeing across 
the lifespan.
These novel findings demonstrate that across the spectrum of 
gestational ages at birth, longer gestation benefits neurodevelop-
ment. Strengths of this study include the large sample size and the 
characterization of brain development among a low risk sample of 
children born preterm and term. However, because of the retrospec-
tive design, postnatal experiences and exposures known to influence 
children’s development may not have been fully assessed and it is 
plausible that these may moderate prenatal effects (Smith et al., 
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